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abstract 


In conjunction with tlie development of the Moilular Power System (MI'S) for the Multi-missioti 
Modular Spacecraft (MMS). a pn^gram was initiated to evaluate the en>:ineerinj: limitations I'f 
parallel battery o|H'ration bv'th umler nonual and abnormal orbital conditions. Usitig the multiple 
voltage versus teitiperaturv levels designed into the MI’S, a scries of tests were comiucted on two 
1 2-aiupei\' hiMir nickel-cadmium batteries umler a simulateil cycle regime. These tests mchi.led, 
battery recharge as a fimction of voltage control level; temperature imbalance Ix'tween two parallel 
batteries; a shorted vn partially shorted cell in one of the two parallel batteries; impedance im- 
balance of one of the parallel batler>' circuits: and !.i;.%abling and enabling one of the batteries from 
the bus at various charge and discharge states. 

The results demonstrate that the eight commatulable voltage versus temperature levels designed 
into the MI’S provide a ver>- llevible system that not only can accommodate a wide range of normal 
power system opeiation, but also provides a high degree id' llexibility in responding to abnorm.il 
o|H*rating conditions. For a normal 25 percent depth-of-disvharge (Dtu')) on each battery, voltage 
level five provided for optimum battcrv’ recharge over the t-.'inperature range oft) degrees to 20 
degrees t ent igrade. Ojvrating one battery at 10 degrees t'entigrade resulted in divergence in both 
depth-ol-discharge and ampere hour recharge ratio. Hie recharge ratio ranged from adeipiate to 
substantial overcharge, depending on the voltage level sidecled for charge contn>l. Increasing the 
resistance in one parallel path from .077 to . 1 77 ohms resulted in a decrease in de|Mh-of-disch.irge 
from 25 percent to 22 perient. I'he other batters (resistance at .077 ohms) increased trom 25 
percent depthi>f-discharge to 2S percent. I'he ampere recharge ratio remained essi-ntially independ- 
ent of iiu|X'dance. Simulation of one shorted cell in one batters' resulted in severe overcharge (re- 
eharge ratio exceeded 2.0) and high cell pressure for the batters with the sliorted c-ll. Lowering 
the charge voltage from level five to level three provided for stable operation with a recharge ratio 
of 1.2 '.sn the battery with the shorted cell and apj'roximately 1.0 on. the 22-\'ell batters'. Disabling - 
and enabling on. batters' from the charge bus resulted in a peak current of 57,() amperes when one 
batten' was fully charged and the other battery discharged to 100 percent rated capacity (12 
ampere hour). I'be current peaks measured at re-enabling of the batters- wers- determined to K- 
ilependent on the i ifference in voltage Ix'tween the batteries and the imped.ince in each parallel 
baiters circuit. For larger capacity batteries where the batters' internal imped.ince is less than the 
I 2 ami'ere hour batteries usi’d in this lest, peaks substantially greater Ih.m 5 7 amperes would K’ 
expected. 
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THE CHARACTERISTICS AND LIMITATIONS OF THE MPS/MMS 


BATTERY CHARGING SYSTEM 


Introduction 

The feasibility of operating high capacity nickel-cadmium batteries in parallel was demonstrated 
during development testing of the power system for the Orbiting Astronomical Observatory tOAO) 
in ld^7. OAO-2 spacecraft which was launched in December l‘)b8 contained three twenty ampere- 
hour ' 1 cell nickel-cadmium batteries that were charged in parallel from a power regulator unit 
(PRC) using eight commandable temperature compensated voltage levels. The batteries and power 
system perfonned flawlessly for five years at which time the spacecraft was deactivated. OAO-4 
was launched in August I*)72 with identical power system with the exception that the battery 
charge levels had been modified^ based on experience gained on OAO-2 and life cycle test results. 
To date a eight year life has beeit obtained on the OAO-4 spacecraft with llawless power system 
performance^. Between the two spacecraft a total of 1 1 years of operational life has been 
demonstrated on parallel charging and discharging of high capacity Ni-Cd batteries. Because of 
the extensive life and excellent reliability demonstrated by this OAO power system design the 
Module Power System (MPS) for the Multi-Mis.sion Spacecraft (MMS) was a natural outgrowth 
of the already proven concept. During the early studies for the MPS/M.MS concept, it became 
apparent that while extensive experience with parallel battery operations had been gained on the 
OAO program, there were a number of unanswered questions concerning the limitations of nickel 
cadmium batteries in a parallel configuration. Consequently, a program was undertaken to define 
these limitations and to understand the interaction of batteries operated in parallel. This paper 
summarizes the results and presents conclusions derived from the program. 

Background 

The Multimission Modular Spacecraft (MMS) is an assemblage of modules providing the house- 
keeping functions of communicaiions and data handling, propul.sion. attitude control, and power 
conditioning and energy storage for an ..ttached payload. One module of the MMS, the Modular 

I 

r 


I 
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Power Subsystem (MPS) conditions power from a inission-unii)ue solar array for distribution to 
other MMS modules and payloads, and recharging of storage batteries which satisfy load retpiire- 
ments during eclipse. The MPS contains a Standard Power Regulator Unit (SPRU) which operates 
as a peak power tracker on the solar array when the combined demand of the e.xternal load and 
batteries exceed the power available .“rom ti'.e solar array. Parallel battery charging is also controlled 
by the SPRU with the aid of eight temperatua’-con.pensaied voltage-levels as shown in Figure I. 

The MPS also provides a battery temperatua* environtnent c>f 10°C ± 10°C under normal condi- 
tions. 


Objectives 

The objectives of the entire test program is to understand the limitations of parallel chatgmg and 

discharging of Ni-Cd batteries under several simulations of normal and abnonnal llight conditions. 

The test was organized with .several operating constraints. The orbital regime is 100 minutes long 

with 36 minutes of shadow and 64 minutes of sunlight. The maximum constant current charge and 

C C 

discharge currents for the parallel batteries was — and rates respectively and based on the 
nameplate battery capacity. The battery temperature environment was set at lO^C. the nomial 
baseline temperature of the batteries in the MPS. The charger voltage limits which permit the 
battery current to taper towards tin- end of charge are identical with those in the MPS. 

In order to monitor changes between parallel batteries during each of the test conditions, several 
battery parameters such as voltage, currents, temperatures, cell voltages, and cell pressures were 
measured and recorded. The battery columetric efficiency defined as the charge-to-"discharge 
ampere-hour ratio X 100?r was determined by using an electronic ampere-hour integrator. 

A more detailed description cf the battery and cell design and the. test set-up has been included 
in Appendix A&B. 

Specific objectives of the test program were the following; 

• Determine battery charge response in the range of voltage-temperature levels designed 






into the MPS. Tliis test was performed at 25''r depth-of-discharj:e (DOD) and voltage 
levels 3. 5, 6. and 7 over the design teinperatiire range of 0°C to 20°C. 

• Fffects of temperature imbalance on parallel batter>’ operation. This simulation was 
accomplished by maintaining the ambient temperature of one battery at 10°C while 
varying the temperature of the other battery^ from to 20°C in 5“’C increments at 
voltage levels 3. 5, o and 7. The charger voltage limit at each level was determined by 
the battery at the higher ambient temperature. The ampen.'-hour charge-discharge ratios 
used in determining the overall effect of the temperature imbalance. 

• Influence of harness resistance mismatch on battery toad sharing and energy balance. 
Harness mismatches were obtained by introducing pa'ci.sion shunts in one battery circuit 
of the parallel connection. 

• Determine parallel battery operating characteristics with one battery containing a 
shorted cell. This evaluation determined the following: 

1. The effect of a partially shorted cell in one battery on parallel battery characteristics. 
The shorted cell was simulated by placing a 1 ohm resistive load across the designated 
cell while allowing the batteries to continue to cycle. 

2. The optimum charger level for short tenn stability when one battery develops a 
hard cell short. 

• Determine battery current transients during an abnonnal flight condition where one 
battery may have to be disabled and remain off line for several orbits before being 
enabled to the charger bus. 

• Effect of life cycling on battery characteristics. Battery charge response-, shorted cell 
and harness mismatch tests were repeated and compared with previous result.s. Battery 
discharge voltage prollle was determined to characterize any battery degradation which 
may have occurred during the program. 



1. Test Results and Discussion 


1 . 1 Evaluation of battery charge response at various voltage levels and temperature. 

Table I summarizes the battery operating parameters and orbital regime used for charger voltage 
level evaluation. 

Table I 

Operating Parameters for Parallel Batteries During the Battery Chaige Response Evaluation 



















peratures and higher eliarger levels. At charger level 3 the charge-to-discharge ratio (C/D) was 
below 1.0 throughout the entire temperature range while at level the ratios measured between 
1.02 and 1.05. At the higher charger levels 6 and 7. the average C/D ratios were substantially 
higher varying from 1.0b to 1 . 14 at level 6 and 1.13 to 1.47 at level 7. 

Figures 4 thru 1 1 represent comparson plots of battery characteristics at each charger voltage level 
at various ambient temperatures. 

At charger level 3 there is no significant difference in battery parameters during the entire tem- 
perature range. The battery C/D ratio stablized below 1.0 indicating that the batteries were ex- 
periencing iess than ICC/r recharge and running down in state-of-charge (SOC). 

At level 5 there is also no significant difference in battery parameters. However, the C/D ratios 
varied between 1 .01 and 1 .04 while cell temperatures remained at the ambient as cell pressures 
stablized below 14 psia. 

In definite contrast to the lower charger levels, at level 7 both batteries experienced high C/D 
ratios between 1.13 and 1 .47 with cell pressures between 25 and 40 psia and slightly increasing 
end of charge currents throughout the entire temperature range. Additionally, cell temperatures 
measured on the top of interior cells in battery A were greater than in battery B. See Table 2. 


Table 2 

Cell and Battery Temperatures at Level 7 During Battery Charge Response Evaluation 


CHARGER 

LEVEL 

BATTERY 

C/D 

R.ATIO 

r- 

AMBIENT 

TEMPERATURE 

(°0 

THERMAL 
COOLING PLATE 
TEMPERATURE 
(°C) 

. CELL TOP 
TEMPERATURE 
(°C) 

7 

A 

HB 

-0.8 

-1.2 

■> 

- B 

-1.13 

-0.4 

0.9 

■ -1.7 

7 

A 

1.18 

«.8 

10.0 

12.7 

B 

1.15 

‘>.5 

9.6 

9.0 

7 

A 

l.4b 

:o.6 

20.1 

26.1 

B 

1.37 

20.5 

19.9 

20.9 


6 
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Figure 5. Bjticry Ch.irge Response ut Level 5 and 0°C 





f-.jgure fi. Batter/ Oiirge Respoiive at Level 5 and ](J'C 
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Figure 8. Battery Charge Response at Level 6 and IO°C 
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Figure 10, Battery Charge Response at Level 7 and I0°C 
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Figure 1 1 . Battery Charge Response at Level 7 and 20°C 
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These jemperaUire differences wliich were not observed at level 6 and below are the result of the 
higher C/D ratio of battery A and the dissimilar thermal environment between batteries caused by 
different air ciaulating patterns within each chamber. 

1.2 Effect of temperature imbalance on parallel battery performance 

Table 3 tabulates the final results. The effect of increasing the temperature imbalance between 
batteries resulted in the divergence of the battery C/D ratio and depth-of-discharge (DOD). The 
battery which was maintained at the higher ambient temperature experienced the greater percent 
recharge and depth-of-discharge. From Figures 12 and 1.^, the imbalance in percent recharge be- 
came more pronounced at higher charger levels while the imbalance in the dcpth-of-discharge 
became less significant. At levels 3 and 5, the difference in percent recharge was typically less 
than 4% at maximum temperature imbalance. 

Referring to Figures 14 thru 14, both batteries experienced a C/D ratio between 1.00 to 1.03 at 
level 5. Cell pressures were less than 15 psia and no significant temperature gradients were ob- 
served. These results were similar to the battery charge response over the design temperature 
range of 0° to 20"C. At level 6 battery C/D ratios were typically 1.00 to 1. 10. Cell pressures did 
not exceed I? psia. However, at level 7 the battery maintained at the higher temperature experi- 
enced a significantly higher C/D ratio typically between 1.26 to 1.33 as tl»e end of charge currents 
increased and cell pressures measured less than 30 psia. In contra.st the battery maintained at the 
lower ambient temperature experienced a moderate C/D ratio of 1.05 and 1.10 and nominal cell 
pressures. 

No significant cell temperature gradients were observed prior to charger level 7. At the maximum 
temperature imbalance with battery B at 0'‘C and battery A at 10®C. battery A experienced a C/D 
ratio of 1.26 and a vertical cell temperature gradient of + 4®C with respect to the ambient and 
cooling plate. In contrast, at the other temperature extreme with battery B at 20°C and battery A 
at 10“C. battery B experienced a C/D ratio of 1.33 and a vertical cell temperature gradient of 1.2°C. 
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Table 3 

C/D Ratio and % DOD vs Temperature Imbalance 


BATTERY A 

1 

1 BATTERY B 

TEMP 

CO 

C/D 

RATIO 

DOD 

('/r) 

DOD 

("r) 

C/D 

RATIO 

TEMP 

(°C) 




LEVEL 3 
(1.397 V/CELL) 





0.98 

23.1 

mm 

0.98 

20 



0.99 

24.8 

27.1 

0.98 

15 



0.98 

24.6 

25.0 

0.98 

10 


- 

0.98 

26.0 

24.7 

0.97 

5 - 



0.99 

27.0 

23.0 

0.98 

0 

. 



LEVEL 5 
(1.437 V/CELL) 





1.00 

23.3 

27.0 

1.03 

mmm 



1.01 

23.3 

27.0 

1.01 

15 



1.00 

25.0 

25.0 

1.00 

10 



I.OI 


24.6 

1.00 

5 

lO^C 

i.o: 


23.7 

1.00 

0 




LEVEL 6 
(1.467 V/CELL) 





1.03 

23.6 

mm 

1.10 

20 



1.05 

24.1 

26.1 

1.09 

15 




1 .09 _ 

24.7 

25.5 

1.08 

10 



1.07 

25.5 

24.6 

1.02 

5 



1.07 

26.8 

23.5 

’.00 

0 



. 

LEVEL 7 
(1.477 V/CELL) 





I.IO 

24.1 

mm 

msm 

20 



1.16 

23.8 

26.7 

1.24 

15 



1.18 

25.0 

25.3 

1.15 

10 



1.23 

25.2 

■BM 

1.10 

5 




26.1 


1.05 

0 
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TEMPERATURE IMBALANCE 
IB VS A) 



PERCENT RECHARGE IMBALANCE 
IB VS A) 

Figure 1 2. Divergence in Percent Recharge vs Temperature Imbalance 



% OOD IMBALANCE 
IB vs A) 

Figure 13. Divergence in DepthH>f-Discharge vs Temperanire Imbalance 


17 




o 

o 


s ^ 

o o 


OQ’l 



S<n 


00 'S 


INJU'dOD 1U3UU9 


OO't- 


Ok 6- OO'll-^ 


00 ’9t 


OO'IC 


002 ( 


OOOt 


00 OJ 00 '9£ 00 ■« 

OWnOA lW3Utf9 


00 ze 


00 oz 


00'9I 


ao'901- 00’9t 


00 no 


oozt 


00 09 OO'Sfl 

3«nSS3«d 


00 ’9C 


OOftZ 


OO’ZI 


00 0 


00 'Aft 


00 -at 


oozt 


00 '9Z 


00 OZ 00 M 

3 3HnitfH3dM3l 


00 a 


00 z 


OO'ft- 


OO'Ot- 




18 


Figure 14. Buttery Temperature Imbalance - Battery A Temperature IO°C, Battery B Temperature 0°C at Level 5 
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Figure 







Figure 16 . Battery Temperature Imbalance - Battery A Temperature lO’C. Battery B Temperature 0°C at Level 6 
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Figure 19. Battery Temperature Imbalance - Battery A Temperature IO°C, Battery B Temperature 20°C at Level 7 



This difference in vertical cell gradient was attributed to the physical difference in the llierinal 
environment as explained on page 15. 

1.5 Effect of harness resistance mLsmatch on battery load sharing and energy balance 
In the initial test set-up every effort was undertaken to minintize the resistance misniatcli between 
battery power cables. The resistance of battery and power supply cables shown in I'igure 20 were 
detennined by applying a known current through each cable and measuring the voltage drop. The 
internal impedance of each battery was determined by estimating 5 milliohm impedance pei cel! 
and by calculating milliohms for all intercell connections. Battery impedance was estimated at 
approximately 75 milliohms. At O',? cable mismatch, the cable resistance between battery A and 
the parallel junction measured 76 milliohms while battery B cable re.sistance to the s;ime point 
measured 77 tnilliohms. Cable mismatches of 14.5, 27.6,40.8, 55.^1,67.1 and 152. ‘>'7 were 
attained by introducing precision shunts in 10.0 milliohm steps between battery B and the parallel 
connection. The batteries were cycled at the normal operating mode of 25'7- izOD at level 5 and 
10°C temperature. . 

The effect of battery cable mismatch n'sulted in the divergence in the deplh-s>Wi.scharge as the 
battery with the highest cable resistance supported less of the load on discharge. Referring to 
Table 4. a cable imbalance of 54% resulted in a decrease in the depth-of-di.scharge of battery B 
fronj 25. 5'? to 24'? as battery A increased from 24.8“?^ to 26.2%. In contrast, the ratio of ampere 
hour charge tonlischarge ratio for either battery remained essentially the same, regardless of the 
degree of mismatch. Additionally, changing the voltage level from five to six produced identical 
res.ilts. Now, the C/D ratios were higher only to correspond to the higher voltage limit. 

After 10,000 cycles, the test was repeated again with lower power cable resistances as specified 
in Figure 21. The battery cable recistances were lowered by approximately 87'? to 10 milliohms 
for battery B and ^.5 milliohms for battery A. The power .supply cable resistance was also lowered 
from 20 to STnilliohnr. 



Figure 20. Block Diagram of Power Cable Resistances 









Figure 21. Block Diagram of Modified Power Cable Resistances 
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Table 4 

Effect of Cable Mismatch on Load Sharing and C/D Ratio at V.L. 5 


% 

MISMATCH 

BATTERY A 

BATTERY B 

C/D 

DEPTH 

OF 

DISCHARGE 

(%) 

DEPTH 

OF 

DISCHARGE 

(%) 

1 

C/D 

0 

1.04 

24.8 

■SB! 

1.02 

14.5 


25.2 

25.0 

1.03 

27.6 


25.5 

24.7 

1.02 

40.8 

1.05 

25.8 

24.3 

1.03 

53.9 

1.04 

26.2 

24.0 

1.03 

67.1 

1.04 

26.6 

23.6 

1.02 

132.8 

1.04 

28.2 

21.9 

mm 


Although the test was performed at 57.9 and 105.3% mismatch, the results relerrirg to Table 5 
indicate that both batteries experienced similar dcpths-of-discharge and ampere hour recharge 
ratio regardless of the mismatch. 

In the first evaluation, where the battery cable resistance was nearly identical to the internal battery 
impedance, small changes in the cable resistance substantially altered the total resis’ance in the 
circuit leg comprising both battery impedance and cable resistance. As the cable resistance be- 
comes a smaller faction of the total resistance, the effect of subsequent power cable mismatch 
becomes less significant. “ ' 

Referring to Figures 22 to 27, the trend of unequal load currents and battery voltage increased 
with higher cable mismatches. Howcver. cell pres.sures and temperatures reii.ained nominal since 
the C/D ratios were not effected by the mismatches. 
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Figure 24. 53.9% Cable Resistance Mismatch with 77 Milliohm Cables at VL5 
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Figure 27. 105.37? Cable Resistance Mismatch with 10 Milliohm Cables at VL5 








Table 5 

Comparison of Cable Mismatch vs Battery Cable Resistance at V, L. 5 


MISMATCH 

BATTERY A BATTERY B 

BATTERY A 

BATTERY B 

POWER CABLE 
RESISTANCES 

C/D 

DOD 

(Cr) 

DOD 

(-TM 

C/D 

0. 

76 

77 

1.04 

B 

B 

1.02 

53.9 

117 

1.04 

B 

B 

1.03 

132.9 

177 

1.04 

Bi 

B 


0 

9.5 

10 

1.03 

25.0 


1.03 

57.9 

15 . 

1.03 



1.03 

105.3 

20 

1.03 

25.3 

25.0 

1 .03 


1.4 Effect of one shorted cell baitciy' on parallel battery performance 

Prior to the shorted cell simulation, parallel batteries were cycled in the normal orbital regime at 
tne baseline charger level 5 at 25'r DOD and 10®C ambient temperature. 

The partially shorted cell was simulated by connecting a 1.0 ohm resistive load across one cell in 
battery B. As the test proceeded, the current through the resistor, which was continuou.sly moni- 
tored. was used to detern.ine the current through the shorted cell and the lost cell capacity with 
each cycle. During this period the partially shorted cell was discharging at 1 ampere greater than 
the battery and that the end of charge current of the baUery had tapered to +0.5 amperes in com- 
parison to -0.5 amperes for the .shorted cell, as shown in Figure 28. This cell e.xperienced a cummu- 
lative capacity loss of 14.4.1 ampere hours over eight cycles as the cell voltage decayed to 0.35 
volts. From Table 6. note that prior to the last cycle the partially shorted cell supported a sulv 
stantial charge voltage ( 1 .27 to 1.32volts) and discharge voltage ( 1 .2 1 to 1 .03) volts in comparison 
to a typical cell in batters' B which consistently measured 1.45 volts on charge and 1.23 volts on 
discharge. 
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Figure 28. Current Profile of Battery B and the Partially Shorted Cell in Battery B 
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Table 6 

Partially Sliortcil Cell Characteristics During Dec ly Period at V.L. 5 


CYCLE 

LOST 

CAPACITY 

(Ain 

'-I 

END 

OF 

DISCHARGE 

VOLTAGE 

END 

OF 

CHARGE 

VOLTAGE 

1 

-1.55 

1.21 

1.32 


-1.66 

1.20 

1.30 

3 

-1.72 

1.19 

1.29 

4 

- ■ -1."’6 

1.18 

1.29 

5 

-1.75 

1.15 

1.28 

6 

-1.71 

1.06 

1.28 

7 

-1.68 

1.03 

1.27 

8 

-2.60 

0.35 

- 


Monitoring battery parameters during the shorted cell decay period revealed no change in C/D 
ratio and load currents. Data presented m Table 7 indicated that batterj' voltages were identical 
and only a slight difference in the e.id of charge and discharge currents were measured. A compari- 
son of battcr>' parameters pri<ir tc complete cell decay depicted in Figure 29 illustrates no signifi- 
cant change in cell pressua’ and temperature. 

Once the discharge voltage of the partially shorted cell dropped to 0.35 volts, the resistive load was 
replaced with a hard short. I he batteries wcie allowed to remain cycling at level 5. Table S 
itemizes batters' parametefs for those llrst three cycles. Initially, the C/D ratio of battery B in- 
creased dramatically fron. 1.04 during the partially shorted cell period to 2.59 in the first cycle. 

At the eml of three c> ch s b • teo B was experiencing a 2.22 C/D ratio with steadily increasing 
end of charge currents 'vhich reached a maximum of 5.67 amperes. The end of charge cell pressures 
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Figure 29. Battery' Comparsion Characteristics During Partially Shorted Cell Period at VL5 
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^°C hijihor than amhionf. In contrast battco' A was cxporicncins a im>a‘ typical 104'r recharge 
while sharing appnixiinalely My r of the ilischarge load as cell pressures and temperatures remain 
nominal. In I'igure dO an examination of hatter>' characteristics vin the third cycle and prior to 
lowering the charger level indicate, that due to the shorted cell in battery B. the average end ol 
charge cell voltage in battery B is 1 .5 1 volts compared to 1 .44 volts in batterv- 

Because' of the unstable comlition of battery B the charger level was lowereil to level which retv 
resents a voltage limit of volts or an average cell voltage i>f l..^^>7 volts for battery A and 
1.4b3 for battery B with the shorted cell. This resulted in reducing the I'/O ratio of battery B 
from 2.22 at level 5 to 1.1^) as cell pressures stabli/ed to less than 2.^ psia. However, the (717 ratio 
of batteiy A dropped from 1 .04 at level 5 to 0.^)4 at level .7 as batteiy A continued ti> support 
approximately bO~, of the load. A comparsion of batterv characteristics after 2‘7 cycles. I'igure 
3 1 . revealed a slight difference between batteiy discharge voltages as charge and discharge currents 
differ greatly. 

I..** !• fleet of battery enabling/disabling from the charger bus 

Initially, parallel batteries were cycled at the baseline voltage level 5. 2.S'<' l>017 and lO^C tem- 
perature. Battery A ren.ained enabled during the entire test sequence while batterv B was disabled 
and enabled fmm the charger bus. Referring to Figure M the power exerciser consists of a diinle 
in series with each battery which prevents cuf^ent How to each batterv from the charger (charger 
disabled), but pennitseach batterv to supply power to the loail during discharge. In the space- 
craft power system, the nonnal operating mode exists with these series divides shorted allowing 
current to flow into each battery vluring charge (charger enabhul). 

The final test results appear in Tables ‘7 and 10 for battery cable resistances of approximatel.v 77 
milliohms and 10 milliohms rspeclively. ('oniparsions *'f battery characteristics are iliustrated in 
Figures d.) thr\i .78. 
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f igure 30. Battery Comparsion Characteristics During Hard Cel! Short at VL5 
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Figure 3 1 . Battery ('omparsion Characteristics with Hard Cell Short at VL3 
















Table 

DisaNe/linahle Test Summary Cable Resistanee 77 Milliohms 


PKRIOD 

BATTtRY 

B 

KNABLKD 

BATTFRV STATl'S PRIOR TO FNABUNi; 

BATTFRY 

B 

(TIRRFNT 

TRANSIFNT 

(,\MP) 

BATTFRY A 

BATTFRV B 

I'URKFNT 

(AMP) 

VOLT.AOF 

AH 

STATUS 

r URRI N T 
(AMP) 

VOLTAOF 

AM 

STATUS 

START 

OF 

DISntARl'.K 

10.0 

:s. 1 

>i:o 

00 

:7.7 

.S.4I 

- I.^ 

KNO 

OF 

DISntARC.K 

■ 

:5.5 

SO 

■:.7 

>0 

s..)« 

t>.S 

START 

OF 

(TUROF 

i:.o 

B 

B 

0.0 

:h.7 

.S ,»4 

♦:.vo 

FNO 

OF 

niARl'.F 

0. 

.o.ft 

> 1 :.o 

0 0 


-.V.»4 



Table 10 

Disable/l-.nable Test Summary Cable Resistance 10 Milliohms 


PFRIUO 

BATTtRY 

B 

FNABLFO 

BATH RY STATUS PRIOR TO 1 NABLINC 

BATTFR) 

B 

UURRFNT 

TRANSIFNT 

(AMP) 

BATTFRY A 

BAITFRYB 

( URRFNT 
(AMP) 

VOITAC.F 

AH 

STATUS 

UURRFNT 

(AMP) 

VOLT.AU.F 

AH 

STATUS 

START 
- OF 
tllSaiARf.F 

- 1 0.0 

1 

:» 7 



>i:o 

- - 0 0 

:s.4 . 

-V.' 

_ . . .oO . 

FNO 

OF 

OISCMARCF 
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,s f. 

1 5 
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4.1 
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START 
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UMARia 

1 : 0 
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0 0 

:7.4 

,V7 
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FNO 
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OlARUF 
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.O P 

>i:o 

0 0 
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.< 8 
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Figure 35. Enabic/Disable Test. SOD, EOC. SOC with 10 Milliohm Cables 




Figure 36. Fnable/Oi.sable Test, FOD with 10 Miliiohm Cables 
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Figure 37. Enable/Disable Test, HOC with 10 Milliohm Cables 





I'iguru 38. Enable/Disable Test, Complete Capacity Unbalance with 10 .Milliolim Cable.s 



Higher current transients were observed when battery B was enabled at either the start or end of 
change period as compared to the discharge period. This corresponded to the greatest difference 
in individual battery voltages. 

For instance, from Table 9. prior to enabling battery B at the end of charge, battery A had com- 
pleted a full recharge while battery B experienced a cummulative discharge lose of 5.34 Ahr when 
removed from the charger bus tiitec pre ious orbits. The difference in the battery voltage was 
4.3 volts prior to enabling battery B. The current transient into battery B was 32.0 amperes. 
This is in contrast to enabli.-.g battery B at either start or end of discharge where battery' voltages 
are very similar and the resulting current peaks are less than 7.0 amperes. 

The trend toward higher peaks also occurs as the cable resistance was lower as seen from a com- 
parsion of Table 9 and 10. Citing the previous example, current spikes of approximately 49.0 
amperes was observed when the test was repeated with approximately 10 milliohm cable resistance. 

The highest cunent transient occurred with a complete capacity imbalance between batteries. 
Battery B was removed from the bus and discharged to 100% DOD based on rated capacity. 

Batteiy' A remained on the charger bus with an end of charge current of 0.57 amperes. When 
battery B was enabled to the charger bus. a current peak of 57.5 amperes was measured. 

1.6 Effect of life cycling and battery characteristics 

1.6.1 Battery charge response at voltage level 5 and within 'he temperature range 0°C to 20°C 
This test was performed after approximately 1 1,500 orbits. The final test results which are com- 
pared to the previous test results obtained within the first 1000 orbits are given in Table II. While 
there is no significant change in battery C/D ratio and load sharing, a comparison of battery rh.arac- 
teristics from Figures 5 thru 7 and Figures 39 thru 41 indicated that cell pressures have incre.ased 
typically from 1 3 psia to 28 psia. 
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Figure 39. Battery Chajge Response at Level 5 and lO’C 
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Figure 40. Batter>- Charge Response at Level 5 and O^’C 
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Figure 4 1 . Battery Charge Response at Level 5 and 20°C 



Table 1 1 

Comparsion of Cattery Charge Response at Level 5 and 0° 10° and 20°C 


ORBIT 

TFMP 

(°C) 

EOD 

VOLTAGE 

EOD 

PRESSURE 

(PSIA) 

EOC 

PRESSURE 

(PSIA) 

HOC 

CURRENT 

(AMP) 

C/D 


0 

26.84 

12.7 

13.2 

0.56 


<1000 

10 

27.06 

13.6 

mm 

0.52 

1.03 



■ai 

It.t 

1 1.6 

0.51 

1.05 


0 

BBSli 

25.0 


0.66 

1.01 

'^] 1500 

10 

26.66 

mm 

jmm 

|[mg||| 

1.03 


20 

27.77 

28.7 

31.*^ 

0.61 

1.05 


1 .6.2 Battery discharge voltages trend 

Hgure 42 depicts battery end-of-discharge voltage profile at 2S7r DOD and 10°C. .\ltlKHigh the 
life cycle program continued for over 14.000 cycles, no useful data was available at these ope-;.:ing 
parameters due to extended cyclin.e at other test conditions. 

1.6.3 Hffect of one .shorted cell on parallel battery performance 

This test originally performed at orbit 2000 and discussed earlier was repeated after 1 1.800 orbits 
tdllowing procedures outlined previously. 

These results which appear in Tables 12 thru 14 and Figures 43 thru 4.*; depict shorted cell and ' 
battery charac'.eristics highlighted during similar test periods in the first evaluation. See l .-.blcs 
6 thni 8 and I'igures 2*> thru 31. 

A comparsion of partially shorted cell characteristics indicated that the same cell decayed more 
rapidly, cycle for cycle, during the second evaluation as indicated by the lower voltages on charge 
and di.scharge. Further analysis indicated that the battery discharge voltage was tower prior to the 
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Figure 42. Battery Discharge Voltage. Level 5, 25% DOD. I0°C 







Figure 43. Battery Charactcristies l)ui ng Partially Shorted Cell Period at VL5 










6 7« <Ar 








te;iLU<k) 

l’ > • 

oc ' ; 

o/l v'6 u 

Ol. 0 CK l' 

josL kiA n.n 

OJ 96“ 

or nf 

00 ,:£ :j of 

JO i: jO if 

Ottl JO-' 

r- 

T- 

■ Ci! 96 

JO.rg _ - 

GO- 09- 00 

JHnSSJbri 

t 

DO 

ao i(- - 

0;wc '‘.'oo 9: 

UD Of 00 SI 

.1 ;)HnLH«3dwJi 


Figure 44. Battery Characteristics During flard Cell Short at VLS 
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f igure 45. Battery Charaeteristics During Hard Cell Short at VL3 


Table 12 

Partially Shorted Ceil Characteristics During Decay Period at V.L. 5 



END OF 

END OF 

CYCLH 

DISCHARGE 

CHARGE 


VOLTAGE 

VOLTAGE 

1 

I.IQO 

1.315 


1.126 

1.272 

3 

1.045 

1.260 

4 

1.029 

1.150 

5 

0.27 

- 


NOTH: At the heginning ofci.arge pi iod on cycle 4. the 1.0 ohm re.sisfor wa.s replacetl with, , 

a 0.5 ohm resistor 


start of the test. This is further emphasized by comparing battery characteristics during the ceil 
decay period. While battery voltages are lower, the overall behavior of the partially shorted battery 
is similar to the previous results. 

The most dramatic change oecured when the cell load resistor was replaced with a hard short as 
the batteries were allowed to continue to cycle at level 5. Within the first charge period after the 
hard short was applied, the C/D ratio of battery B increased substantially from 1 .04 to 1 .70 as 
cell pressures rose from .^0 psia to 75 psia. During the next cycle, the C/D ratio ilecreased slightly 
to l .bO w hile the end of charge current peaked at 3.0 amperes and cell pressures exceeded ^>0 psia. 
Cell temperatures measured at various cell tops were generally 1.5°C higbc- than the ambient 
while temperatures at the broad face of interior cells were typically 3°C higher than the ambient. 

In contrast batteiy ,\ was experiencing a more typical lOl'I recharge as cell pre.ssures and tem- 
peratures remained nominal. An overall comparsion of battery characteristics during the hard 
cell short period at level 5 are summarized in Table 14. Cell pressures in battery B increased rapidly 
prob.ibly due to the higher initial ytvssua's. The C/D ratio, charge currents, and cell temperatures 















Table 13 

Battery Comparsion Characteristics During Cell Decay Period 


CYCLE 

BATTERY A 

BATTERY B 

END 

OF 

DtSCH 

VOLTAGE 

END 

OF 

DISCH 

CURRENT 

C/D 

END 

OF 

CHARGE 

CURRENT 

END 

OF 

DISCH 

VOLTAGE 

END 

OF 

DISCH 

CURRENT 

C/D 

END 

OF 

CHARGE 

CURRENT 

1 

36.66 

-4.9 

1.33 

0.61 

36.65 

-5.1 

1.05 

0.77 

•> 

36.67 

-4.9 

1.03 

0.61 

36.66 

-5.1 

1.04 

0.79 

3 

36.63 

-4.8 

1.03 

0.61 

:6.6’ 

-5.3 

1.05 

O.SO 

4 

36.61 

-4.8 

1.03 

0.61 

36.60 

-5.3 

1.06 

0.92 

5 

36.37 

-7.6 

- 

- 

36.38 

-3.8 

- 

- 


NOTE: At the beginning of charge period on cycle 4. the 1.0 ohm load resistor was replaced with a 0.5 ohm resistor 


Table 14 

Battery Comparsion Characteristics During Hard Cell Short Period at V.L. 5 


CYCLE 

BATIXRY A 

BATTERY B 

END 

OF 

DISCH 

CURRENT 

(AMP) 

1 

■ 

Ahr 

OUT 

C/D 

END 

OF 

CHARGE 

CURRENT 

(AMP) 

END 

or 

CHARGE 

PRESSURE 

(PSIA) 

END 

OF 

DISCH 

CURRENT 

(AMP) 

Ahr 

OUT 

C/p 

END 

OF 

CHARGE 

CURRENT 

(AMP) 

END 

OF 

CHARGE 

PRESSURE 

(PSIA) 

1 

-7.6 

3.3 

1.03 

066 

30 

3.4 

:.5 

1.7 

3.9 

75 

2 . 

-49 

3.5 

1.00 

0.75 

30 

-5.1 

3.5 

l.b 

3.0 

90 


NOTE: Al the end of the diKhargc period on cycle I. Ihc 0.5 ohm toad rcMSIor was replaced with a hard short. 




cf the shorted cell battery were distinctly lower prior to terminating the test at tiie 90 psia s;trcty 
limit in comparison to the first evaluation. 

Becau.se of the unstable condition of battery B. the charger level was reduced to level 3. This re- 
sulted in lowering the C/D ratio of batteiy B from 1 .60 to 1.15 as cell pressures stabli/.ed to less 
than 50 psia. However, battery A now experienced a 99^J- recharge as this battery coiilimieil 
to support approximately 60C^ of the load. 

The batteries were cycled at level 3 for a total of 440 orbits. During this period several trends 
illustrated in Figures 46 and 47 became apparent. The C/D ratio of batters B steadily increased 
rising from 1.15 to 1.48 with cell pressures increasing from 50 psia to slightly over 100 psia. 
Measured cell temperatures also increased and were similar to those eAperienced during the hard 
cell short condition at level 5. The end of charge delta between high and low cells in batters' B 
increased from 40 n-.iliivolts which was typical prior to the short cell evaluation to over 130 milli- 
volts, In contrast, battery A experienced a 99T recharge while supporting between 56 ;md of 
the load as batteries experienced divergent discharge currents. The end of charge delta between 
cells was typically 15 mijlivolts. 

In response to the high cell pressures in battery B, the charger level was lowered to level 3 as the 
batteries continued to operate for an additional 250 orbits. In et>nlrast to the previous level, 
battery B gradually supported a greater portion of the load as its depth-of-discharge increased from 
.25T'.to while its C/D ratio dropped from 1.22 to 1.08 as cell pressures stablized between 60 
to 80 psia. At this lower level battery A now experienced a slightly lower percent recharge. ‘I7.5'V 
with a gradually decreasing depth-of-discharge. The end-of-eharge delta between high and low 
cells in battery B was reduced to I 20 millivolts while, the deita for batter)' cells was apj’roxi- 
rnately 10 millivolts. 

After a tot. '.I of 700 orbits, this evaluation was terminated by simulating an e.Memled eclipse season 
and allowed the batteries to di.scharge at 10.0 ampere total to lOtT; DOD. The fin.il battery aiul 
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Figure 46. Battery DOD and C/D Trend During Hard Cell Short Period at Level 3 and 2 







cell characteristics appear in Figures 48, 49, and 50. Batten' A at the lower state of charge de- 
livered 8.50 Ahrs as its lowest cell dropped below 0.5 volts. Batterj' B delivered 9.40 Ahrs up to 
this point. After disconnecting battery A from the load, battery B was discharged further and 
delivered a total capacity of 1 1.1 Ahrs. 

A highlight in the shorted cell evaluation was determining battery state-of-charge (SOC) for cycling 
below 100% recharge for extended periods. The procedure, which was accomplished on three 
separate occasions, required measuring the difference between charge and discharge ampere-hours 
every cycle. The discharge cycle was then extended to permit batteries to discharge to 100% DOD. 
These results appear in Figure 51. By substracting the name plate capacity from the actual capacity 
obtained from the discharge, it is possible to approximate the actual loss in battery capacity any- 
time during an extended period. This is represented by the dotted curve in the above referenced 
figure. 

Baseline level cycling at level 5 and 25% DOD was re-established after removing the hard cell short 
from battery B and fully re-charging the shorted cell using a separate po\^er supply. Immediately, 
the batteries experienced slightly unequal load sharing with battery A at 27.5% DOD in contrast 
to 23.3% for battery B. While battery A was experiencing a normal 103% recharge as cell pressures 
stablized below 30 psia the percent recharge of battery B increased steadily from 107 to 1 18°C 
- within 1 75 orbits as cell pressures remained stabled between 60 to 85 psia. Cycling wa-> terminated 
when several cells exceeded the software safety limit of 1.50 volts per cell on charge. At this time 
both batteries were electrically separated and connected to individual power supply exercisers and 
charged at C/30 for 66 hours. Following this trickle charge, the batteries were disconnected and 
a’lowed to remain open-circuit for 72 hours. The final results are illustrated in Figures 52 thru 56. 
While the cells in battery A exhibited closely matched charge and self-discharge profiles, battery B 
cells possessed widely different profiles but generally in two distinct groupings. 
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Figure 49. Battery A Cell Discharge Profile. Shorf>^d Cell Evaluation 



1.40 



67 


Figure 50. Battery B Cell Discharge, Profile, Shorted Cell Evaluation 
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Figure 5 1. Bditcry State of Charge Profile 
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Parallel battery operations were resumed by lowering the eharger level trom five to three. This 
resulted in lowering the C/D ratio of both batteries to 0.9h with batteiy' A and B experiencing a 
26'7r and 24.6Tf DOD respectively. 

Further battery tests and cell analysis are anticipated and will be subject ol a tuture report. 
Conclusions 

The voltage vs temperature levels of the Modular Power Sy.sfem has sufficient versatility to accom- 
modate a wide range of battery design parameters, applications and abnormal fiight condition.s. 

Fora nonnal 25'Tf depth of discharge on each battery', charger level 5 provided for optimum 
battery recharge between lOI'/f and 104'" over the design temperature range of the MPS. 

The effect of battery temperature inbalance of plus and minus 10 degrees Celsius with one battery 
maintained at 10 degrees Celsius resulted in divergence in both the depth of di.scharge and ampere- 
hour percent recharge. Charger level ^ offered the best short tenn stable operation where the im- 
balance in pccent recharge was less than 4'7 at the ma.xinuim temperature imbalance. At this 
level both batteries experienced between 100 to 1047 recharge while the battery' maintained at 
the higher ambient temperature experienced a DOD ty pically less than 277 while the other battery 
at slightly greater than 237 DOD. At higher levels the recharge ratio ranged from typically 1.05 to 
1.30 depending on the charger voltage level u hile the imbalance in the depth of discharge became 
less significant. ' ‘ . . . 

The effect of battery cable mismatch on load sharing resuited in divergence of battery depth of 
discharge.while the ampere-hour recharge ratio remained essentially independent of the cable mis- 
match. Increasing the resistance of one paralh'l path from .077 to 0.177 ohms resulted in a decrease 
in depth-of-discharge from 25 percent to 22 percent. The other battery with cable resistance of .077 
ohnts experienced a increa.se from 25 percent d< pfh of discharge to 2S percent. The divergence in 
percent depth-of-di.scharge was negligible regardle.ss of the mismatch when the cable resistance was 
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.010 ohms. With the lower cable resistance, the internal batter^' impedance has a greater influence 
on load sharing between parallel batteries. No deleterious effects are anticipated if harness and 
associated circuitry impedances are matched within \Wc.. 

The simulation of a partially shorted cell in one battery at level 5 resulted in a slight difference 
between battery operating characteristics. However, within one orbit cf simulating a hard cell 
short condition, the battery with the shorted cell e.xperiet.ced a drastic increase in the recharge 
ratio from a nonnal 1.06 to over 1.60 accompanied by high cell pressures and increa.sing end of 
charge currents exceeding 3.0 amperes. Because of this unstable eondition the charger level was 
lowered from five to three resulting in a satisfactory short term operation with the recharge ratio of 
1.2 for the battery with the shorted ceil and 0.^’^ for the 22 celi battery. With the added flexibility 
of lower charger levels, it was demonstrated that this battery imbalance was stable and prolonged 
for seveial hundred orbits. 

As a result of this simulation, the ability to monitor the voltage across each group of eleven cells 
was an aid in detecting a hard cell short within the battery. 

Disabling and enabling one battery from the charger bus resulted in peak current transients typically 
5 milliseconds in duration. The current peaks were dependent on the difference in batteiy voltage 
which was the greatest when a partially discharged battery is re-enabled at tite start of charge or 
at the end of charge period in the orbit. The trend toward higher peaks was aLso demonstrated to 
be a function of harness impedance in each parallel battery circuit. Current transients of 32.0 and 
d'J.O amperes were measured during enabling at the end of charge period with .077 and .010 ohm 
battery cables respectively. The highest current peak of 57.0 amperes was measured when one 
battery was fully charged and the other battery was discharged to lOO'V of rated capacity. 

The results demonstrate that the eight commandable voltage versus temperature levels designed 

into the MPS provide a very flexible power system that not only can accommodate a wide range of 

normal power .system operation, but also provides a high degree of flexibility in responding to 

abnormal operating conditions. - 
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APPENDIX A 

Cell and Battery Design 

The 1 2 Ahr nickel cadmium cells for the program were procured from General Electric Company 
in October 1975 under NASA contract # NAS 5-1^^952 to the Goililard Specification for Aero- 
space Nickel Cadmium Storage-Cell. S-716-P-6. These cells were maniiractured according toGE 
MCD 232A2222AA54 Revision 18. The cell design is the staiulard GE ilesign atul configuration. 
The design contains 1 1 positive plates, I 2 negative plates. Pelion 2505 as the .separator with other 
special design features as follows- 
!. Nickel-bra/e. ceramic-to-metal seal both temiinals 

2. Cell case wall 0.43 nim 

3. Tetlonation of negative plates (level 1) 

4. Plates treated with carbonate reduction pn.vess. 

5. The average positive and negative plate loading was 12.5gm/dm^ and 1 5.7 gm/dm^ respectively 

6. Potassium hvdroxido (KOH) quantity was 46 cc 

Additional information concerning these cells may be found in ('.SEC report #7 1 1-76-18.'* 

Each cell was subjected to a scries of acceptance tests performeil at General Electric in accordance 
with test procedure P24A-PG-21 I given in Appendi.x C. Cell selection for each battery was predi- 
cated on these tests and based on capacity matching at I0°C given in .Appendi.x D. 

- The overall battery design represented a standard electrical approach and an extension of the lUE- 
thermal and mechanical design. 

The electrical battery- design included twenty-two cells in series with the most negative cell contain- 
ing the signal electrode and under voltage sensing aceomplished in groups of eleven cells. Two cells 
in each battery arc instrumented with electronic pressure transducers which act as a safety device 
to terminate the test should pressures exceed 100 psia. 
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The battery assembly wliich is an extension of the !7 cell battery design developed for the lUE 
spacecraft consists o*' two rows of eleven cells enclosed in a five sided magnesium box. Cell are 
electrically isolated from each other and the sides of the battery frame by laminated silicone glass 
insulators. The most unique design feature is that there is no infercell fins for heat removal. The 
depression in each cell bottom was encapsulated with a polyurethane resin composed of 807c’ 
aluminum oxide by weight. Tl;c batteries which were instrumented with copper-constantan thermo- 
couples were secured to copper cooling plate and placed in individual forced air temperature cham- 
bers. The final battery as.sembly is shown in Figure 2. 

A histogram illustrating the capacity distribution of 10°C for battery A {~27r, + 2.b7r) and batteiy' 

B (-27?-, + 3.37^) is presented in Appendix C and D. Note that the average capacity of battery A 
and B are closely matched at 1 .‘i, 1 and 1 .‘>.3 ampere-hours respectively. 
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parallel battery test 


CAPACITY; 12Ah 
WEIGHT; 13.47KG 

DIMENSION; 26.52Cm X 2U8Cm X 15 72Cm 


ryV«A — — 7 6 - 0 1 2 0 6 2 

Figure 2. 
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appendix b 


Test System Console 

The entire test system consists of a data acquisition system, power system exerciser and a system 
under test. 

The data acquisition system with the capability of scanning 75 channels per minute included an 11; P 
tape drive channel scanner and computer buffer. Signal data collected included 44 cell voltages. 2 
battery currents and voltages. 4 half battery and 2 third electrode voltages, and charger currents 
and voltages. In addition, batteries were instrument with 4 pressure transducers and I4coppcr- 
constant.in thermocouples. Software safety limits were established for cell voltages and tempera- 
ture chambers while hardware limits were set up for half battery voltage and cell pressure limit of 
100 psia. Real time data was monitored with the aid of data print out. electronic ampere-hour 
integrator and multipoint recorder. 

The power system exerciser consisted mainly of charge/discharge power supply, battery cycler and 
orbital timer. This entire power console possessed the capability of programming and monitoring 
charge/discharge parameters and orbital time. 

The battery assembly, cooling plate, thermal chamber and cable interface module constituted the 
system under test. Signal and power cables from the battery were first terminated at the interface 
module before routed to the DAS and PSE con.soles. 
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Afci’ptancc Test Sequence, G.E. P24A-PB-2I I 
Para. # 

4.0 Burn in Cycling, 10 cycles ; t 

1 . Charge at h.O amps for 1 25 minutes 

2. Discharge at 6.0 amps to 1.0 volt/ccll 

5.0 Overcharge ;>• 22 ± 5.5°C: 

. .1. Charge at 1 .2 amps for 48 hours 

2, Discharge at 6.0 amps to 1.0 volt/cell 

6.0 TIectrolyte adjustment tmiit'ed. 

7.0 Overcharge - omitted. 

8.0 Room Temperature Capacity at 22 i .^'’C. 

1. Charge at 1.20 amps for l6 hours 
2 Disclurge at 6.0 amps to 1 .0 v<>ll/cell 

‘J.O .?5 1 l.7°C Capacity: 

1. Charge 1 .2 amp for 24 hours 

2. Discharge at 6.0 amps to 1.0 volt/ccll 

10.0 0± l.7'’C Capacity: 

1 . Charge 0.60 amp for 72 hour> 

2. Di.schargc at (>.0 amps t»> 1.0 v»>ll,'ccll 

11.0 Capacity Matching at 10 f 1.7°C: 

1. Charge at .(lO amp for 48 Iv.nirs 

2. Discharge at 6.0 amps to 1.0 volt cell 
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Pjra. # 


i:.o 


13.0 


14.0 


15 


Note; 


Charge Retention: 

1 . 0.5 resistor short for 16 hours 

2. Dead short for 1 hour 

3. Open circuit for 24 hours 

Internal Resistance; 

1 . Charge at 6.0 amps for 2 hours 

2. Discharge at 6.0 amps for 60 min. 

3. Open circuit for 5 minutes’ 

4. Pulse discharge each cell at 60 amps for 1 0 seconds 

5. Discharge at 6.0 amps to 1.0 voll/cell 

Cell Impedance; 

Measure cell and third electrode impedance with a Hewlett Packard 43 2SA Milti- 
ohm Meter. 

.0 Auxiliary Plectrode Pres.sure Voltage Test (200 Load) 

1 . Charge at h.O amps and open circuit each cell as it reaches 10 psig. 

2. Open circuit stand for 60 minutes. 

Discharge at 0. D amps to 1.0 volt/cell. _ . . - 

1 .0 ohm resistors were placed across each cell during the temperature soak periods. Tem- 
perature soak periods were for 4 hours minimum. 

Unless otherwi.se specified the test temperature was22°C. 
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appendix d 


CELL CAPACITY DISTRIBLITION AT 10°C 
PER GE P24A-PB-: 1 1 PARA 1 1 .0 
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APPENDIX E 


BATTERY A CELL CAPACITY DISTRIBUTION AT iO°C 
PER GE P24A-PB-: II PARA I 1 .0 
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